Carcinogenesis is the result of mutations and subsequent clonal expansions of mutated, selectively advantageous cells. To investigate the relative contributions of mutation versus cell selection in tumorigenesis, we compared two mathematical models of carcinogenesis in two different cancer types: lung and colon. One approach is based on a population genetics model, the Wright-Fisher process, whereas the other approach is the two-stage clonal expansion model. We compared the dynamics of tumorigenesis predicted by the two models in terms of the time period until the first malignant cell appears, which will subsequently form a tumor. The mean waiting time to cancer has been calculated approximately for the evolutionary colon cancer model. Here, we derive new analytic approximations to the median waiting time for the two-stage lung cancer model and for a multistage approximation to the Wright-Fisher process. Both equations show that the waiting time to cancer is dominated by the selective advantage per mutation and the net clonal expansion rate, respectively, whereas the mutation rate has less effect. Our comparisons support the idea that the main driving force in lung and colon carcinogenesis is Darwinian cell selection. Cancer Res; 70(17); 6797-803. ©2010 AACR.
Introduction
Studying the timing of carcinogenic events has provided important hints on the putative mechanisms of cancer onset, that is, of the processes that lead to the first malignant cell (M-cell). Research on mathematical models of carcinogenesis in the 1970s and 1980s was based on the assumptions that (a) carcinogenesis is the effect of initiation and promotion, and (b) carcinogens can be distinguished into those affecting early stages with an irreversible effect and those affecting late stages with a reversible effect. This distinction was largely based on experimental research conducted in the previous decades that had shown that initiation was likely to be due to mutations and that promotion was likely based on nongenotoxic mechanisms (1, 2) . Different models of carcinogenesis have been developed, and most involve mutation induction and cell expansion (3) (4) (5) (6) (7) (8) (9) (10) . Here, we compare two modeling approaches: an evolutionary model based on the Wright-Fisher (WF) process (11) and the MVK model of Moolgavkar, Venzon, and Knudson (7, 8) , also known as the two-stage clonal expansion model (12) . Earlier, the WF process has been used to describe the progression of a benign adenoma to an invasive carcinoma, and different values of the mutation and selection parameters have been explored based on tumor growth data (6) . No analytic solution of the stochastic WF model is known, but an approximate closed-form expression of the mean waiting time until the first M-cell appears has been presented (6) . In the present article, we derive a similar equation for the waiting time to the first M-cell based on the simplified MVK (S-MVK) model, a simplified deterministic variant of the stochastic MVK model (13) .
We compare the dynamics predicted by the S-MVK model and the WF model in terms of the time it takes until the first M-cell occurs. The main result of our study is that for both models, we derive similar equations for the median waiting time to the first M-cell and that the expressions emphasize the dominating effect of cell selection (i.e., cell proliferation) on carcinogenesis. We also compare waiting times numerically using the same biological end point, that is, the same cancer site, for both models. Using parameter estimates obtained from fitting epidemiologic lung and colon cancer data, the MVK model predicts waiting times that are consistent across several previously reported data sets with those obtained from the WF model assuming basic genomic parameters such as mutation rate and selective advantage per mutation. Thus, while both mutation and selection are necessary for carcinogenesis (14) (15) (16) , the model comparison suggests that the formation of the first M-cell is driven mainly by clonal expansion of selectively advantageous cells, whereas the effect of the mutation rate appears much smaller.
Materials and Methods

WF model
The WF process is a stochastic model of an evolving asexual population that has been applied to the cells of a tumor (11). In this model, cancer cells evolve in discrete, nonoverlapping generations, and each cell independently derives from a cell of the previous generation with a probability proportional to the fitness of the parent. Each cell is either identical to its parent, or hit by an additional mutation with probability u per gene location per cell division (Fig. 1) . The expectation of the waiting time until the first M-cell with k mutations appears, denoted T WF , has been approximated (6) as
Here, s is the selective advantage per mutation. An exponential population growth is assumed from initially N init cells to N fin cells when the first M-cell occurs. The number of putative genes involved in the process is denoted by d. The WF model has not been fitted to epidemiologic data. Therefore, we set the parameters to values obtained from published experimental data under additional assumptions as follows.
Based on genomic data (6, 17), we assume a total of d = 100 susceptible cancer-associated genes. We consider a cell initiated if k = 5 of those genes are mutated and malignant if k = 20. Both the number of driver genes (i.e., those that confer a selective advantage) available in the genome, d, and the number of required mutations per initiated or M-cell, k, are not known with certainty today and will eventually be determined in large cancer whole-genome sequencing projects. The values used here are motivated by the cancer genome study Sjöblom and colleagues (17) , in which among 13,000 genes analyzed in 22 tumors, ∼80 driver mutations have been identified, but only up to 18 and 23 per patient, for late-stage colon and breast cancer, respectively. These numbers were consistent with follow-up studies (18) (19) (20) . Because only a few of those driver mutations occurred with high frequency (termed "mountains") whereas most occurred at low frequencies (called "hills"), we assume that adenoma formation requires k = 5 mutated genes, which are likely to be more specific changes and therefore appear as mountains in the histogram provided by Sjöblom and colleagues (17) . Assuming a normal mutation rate (no genetic instability), the average per-gene mutation rate has been estimated as u = 1 × 10 −7 per generation (6 
The survival function is S(t) = exp[−H(t)], in which H(t) is the integrated hazard. The median waiting time to the first cancer cell, denoted τ, is the solution of the equation S(τ) = 1/2. It is the time when half of the population has acquired the first M-cell. The following expression for τ is derived in the Supplementary Material:
We denote this waiting time τ
N-cells
WF , if the starting point of the carcinogenic process is a set of N normal cells and 
Two-stage model with clonal expansion
In the MVK model (7, 8) , normal stem cells can be transformed into cells of an intermediate form at an event rate μ 1 , the first mutation rate. These intermediate cells can divide symmetrically into two intermediate cells at rate α, die, or differentiate at rate β, and divide asymmetrically into one initiated cell (I-cell) and one M-cell at rate μ 2 (Fig. 2) . Clonal expansion of I-cells is formulated as a stochastic process (7, 8, 12) . M-cells are assumed to develop into a detectable tumor after a constant lag time, t lag . The hazard function of the MVK model has been derived (23, 24) and can be used to describe cancer incidence and cancer mortality rates (25) . It is
If the background estimates for μ 1 , μ 2 , α, and β are used (spontaneous rates), then the hazard function describes the baseline cancer incidence. Recently, the MVK model has been fitted to lung cancer incidence data from the large European Prospective Investigation into Cancer and Nutrition cohort study (26) .
The S-MVK model (13) is defined by the hazard
in which N is the number of normal cells. The S-MVK model is unbound at high ages, that is, lim t → ∞ hðtÞ→∞, whereas the hazard of the MVK model reaches a plateau at high ages because of the stochasticity of the birth-death process of I-cells. The S-MVK model can be derived from the MVK model (Eq. 4) by assuming that μ 2 is negligible (13) .
In the MVK model, the expected waiting time to cancer can be calculated as the expected value of the time T to the first M-cell, E½T ¼ ∫ ∞ 0 PðT > tÞdt. A closed-form expression for the survival function, P(T > t), has been reported (7, 24) , but the integral E[T] cannot be solved analytically. By contrast, we obtained the following closed-form expression for the median waiting time from a pool of N-cells to the first M-cell for the S-MVK model (see Supplementary Material),
We are also interested in the time to the first M-cell starting with a clone of m I-cells, that is, in the transition from adenoma to carcinoma, in the MVK model. Such an expression would be analogous to Eq. 1, which gives an approximation to the expected waiting time to the first M-cell for the WF process starting with an adenoma (a clone of mutated cells). However, for the MVK model, an analogous expression for the mean time to the first M-cell is not defined because intermediate cells have a positive probability of becoming extinct (Supplementary Material). Under the condition that the clone of initiated cells does not become extinct, the mean time from the birth of a premalignant clone to malignancy has been calculated (27; see Discussion for more details). Here, we have derived an expression for the median time to the first M-cell starting from a clone of m I-cells (Supplementary Material),
with δ 2 = α(B − A).
Comparison of the two models
The WF and the MVK model are different stochastic models of carcinogenesis ( Figs. 1 and 2 ). In the MVK model, carcinogenesis is viewed as the result of two critical, irreversible, rate-limiting, and hereditary (at the level of somatic cells) events (23) . By contrast, the WF model describes carcinogenesis explicitly as a series of genetic changes in a reproducing cell population. The genetic progression stages that eventually lead to the first M-cell are defined by the number of mutated cancer-associated genes. These mutant types sweep through the population in several subsequent clonal waves (6) . Tumor growth is also modeled differently. In the S-MVK model, the net clonal expansion rate (α − β) describes the growth of initiated cells, whereas in the WF model, a deterministic exponential growth from adenoma to carcinoma is assumed. The background rate μ 0 in the MVK model corresponds to the composite parameter u × d in the WF model because in the WF process, no carcinogenic environmental factors such as smoking or radiation are included. Likewise, the growth rate, (α − β), plays a similar role in the MVK model as the selective advantage, s, in the WF model. The term "initiated cell" used in the MVK model corresponds to the notion of "adenoma cell" in the context of the WF model. I-cells have sustained the first rate-limiting event in the pathway to malignancy at rate μ 1 , the parameter defining the rate of critical genomic events involved in initiation. An I-cell can divide into two I-cells with rate α; it dies or differentiates with rate β; it divides asymmetrically into one I-cell and one cell that has sustained the second event [malignant cells (M)] with rate μ 2 . The M-cells are assumed to develop into a tumor (T) after a deterministic lag time, t lag .
Results
Despite their differences, the WF model and the MVK model are conceptually similar. Both explain the appearance of the first malignant cancer cell by accumulating mutations with a selective advantage in a cell population, and both distinguish the generation of a new cell type (mutation) from its growth (clonal expansion). The dynamics of the carcinogenic process can be directly compared between the two models in terms of the time to appearance of the first M-cell. Because the expectation of this waiting time cannot be calculated analytically for the MVK model, we have calculated the median waiting time to the first M-cell, τ 
The two equations are strikingly similar. In both expressions the parameter governing the growth of clones harboring advantageous mutations, namely the selective advantage, s, and the net clonal expansion rate, (α − β), appears in the denominator, whereas all other parameters enter only logarithmically. Thus, in both models, the selection parameters have the strongest impact on the waiting time distributions, suggesting that cell selection is the major driving force of carcinogenesis.
The observed prominent role of cell selection is confirmed by numerical evaluation of the waiting time equations using best estimates from various model fits to individuals with full grown tumors. Sets of best estimated values, which were obtained from several studies by fitting the MVK or two-stage clonal expansion model to lung (26, (28) (29) (30) (31) and colon cancer data (32, 33) , were used to calculate τ cloneðm ¼ 1Þ MVK (Supplementary Material, section 4; Table 1 ). In the present study, no model fits were performed. We have analyzed whether the predicted time from a clone of I-cells to the first M-cell is consistent between the two models. We performed calculations using m = 1, that is, a clone consisting of one I-cell and β = 0, assuming nonextinction (see Section 5 of the Supplementary Material for the effect of setting β = 0 on the parameter estimates). For lung cancer, we obtained values for τ Given that the WF model has not been fitted to any cancer incidence or mortality data, the values for τ (Table 1) .
In addition to the waiting times that start with a clone of I-cells, we also evaluated the median waiting time, τ (33); "Males, Two-mutation model" from Table 1 
Discussion
We have applied two different mathematical models to study the relative contribution of mutation induction and cell selection to carcinogenesis. The WF model is based on an evolutionary theory of carcinogenesis (6, 34) , and the MVK model is a stochastic two-stage model with clonal expansion (7, 8) . Both models share essential biologically motivated characteristics, namely the generation of new cell types with increased replication capacities (Figs. 1 and 2) . However, some specific model features are conceptually very different. For example, the MVK model applies two stages to malignancy with typical values for the background mutation rates of 1 × 10 −8 to 1 × 10 −6 per year and background net clonal expansion rates of 0.01 to 0.1 per year (26, 33) . In general, the two mutation rates μ 1 and μ 2 in the MVK model do not refer to genomic mutation rates, but rather to transition rates between biophysical states of the carcinogenic process that might be the result of several genetic changes. This interpretation is in line with the original definition of μ 1 and μ 2 as event rates (7, 8) and consistent with Moolgavkar's interpretation of Vogelstein's multistage genetic model for colorectal tumorigenesis within the two-stage model (35) . By contrast, the WF process assumes ∼20 genetically defined stages, and the mutation rate between these stages directly reflects the DNA mutation rate in humans. Typical values for the selective advantage s are 0.01 and 0.001 per mutation, that is, 1% and 0.1% selective advantage, respectively. Because s can also be regarded as a growth rate (refer to Eq. 9 in the Supplementary Material of ref. 6) , these values correspond to 3.65 and 0.365 per year, respectively. The normal mutation rate of u = 1 × 10 −7 per gene per cell division corresponds to a total of u × d = 3.65 × 10 −3 mutations per year. The mutation and selection parameters of the MVK and the WF model are not directly comparable because they refer to differently defined stages of carcinogenesis. However, obviously, the 20 stages of the WF model need to be taken much faster than the two stages of the MVK model to arrive at similar waiting times, implying higher values for the mutation rate or the selective advantage (or both) in the WF model, consistent with the values for s and u × d mentioned above. We find that the MVK and the WF model have similar dynamics in the development of the first M-cell mainly driven by cell selection, that is, clonal expansions of cells harboring selectively advantageous mutations. This conclusion is based on comparing Eqs. 8 and 9, the median times to the first M-cell in the WF model and in the S-MVK model, respectively. Both waiting times are inversely proportional to the selective advantage, s, and the net clonal expansion rate, (α − β), respectively, whereas all other parameters enter the equations only logarithmically. Thus, in both models, the waiting time is very sensitive to parameters associated with promotion, but less sensitive to all other parameters, including mutation rates. Formulas have also been developed for the waiting time to the first M-cell starting with a clone of I-cells (Eqs. 1 and 7). Again, these expressions both show the strongest dependence on cell selection confirming the main finding of the study. Other approximations to the average time between initiation and promotion and more generally to the speed of evolution in large asexual populations have been reported elsewhere (34, 36) .
Our findings are in line with the results of several earlier approaches (14) (15) (16) . The major role of selection, in the form of promotion, was indicated as the mechanism of caloric reduction in preventing experimental cancer 65 years ago (37) . Rodin and Rodin (14) analyzed mutation spectra and concluded that the main driver of lung carcinogenesis is cell selection, not mutagenesis. Cell selection was also shown to be the driving force in spontaneous transformation of cells in culture (38, 39) . Tomlinson and colleagues (16) mathematically analyzed the role of the mutation rate in the growth of sporadic colorectal cancer and concluded that selection without increased mutation rates is sufficient to explain the evolution of tumors (15), challenging the concept of a mutator phenotype proposed by Loeb and colleagues (40, 41) .
The dominance of cell selection over mutation is also visible in the hazard functions (Eqs. 2 and 5; Supplementary Material). For the WF process (Eq. 2), the mutation rate enters only logarithmically, whereas the selective advantage enters in a much stronger way as s k . For the S-MVK model (Eq. 5), the mutation rates enter linearly, whereas the net clonal expansion rate, (α − β), enters exponentially. These qualitative differences reflect our finding based on analyzing the median times to the first M-cell. For the S-MVK model, the much stronger influence of clonal expansion of initiated cells over mutations is a consequence of the exponential growth rate implied by the model structure. The WF process, which is based on the basic evolutionary mechanisms of mutation and selection, comes to the same conclusion. Therefore, both the S-MVK and the WF model provide independent support for this conclusion.
The approximations made in the derivation of τ WF (Eq. 3), namely the approximation of the stochastic WF process by a linear multistep process using approximate transition rates, together with the fact that it had to be evaluated with parameter values that were not determined by fitting incidence or mortality data, make the comparison with the MVK model difficult. It is therefore not surprising that somewhat different numerical values are obtained for τ WF clone(m = 1) compared with τ cloneðm ¼ 1Þ MVK . However, all results are clearly in the same order of magnitude, and given the strong approximations in the derivation of Eq. 3, they appear in reasonable agreement.
The two-stage clonal expansion model has recently been advanced to include preinitiation stages (27, 32) . It has been shown that this new multistage clonal expansion model is consistent with the linear phase of cancer incidence in the Surveillance Epidemiology and End Results (SEER) data (27) . The authors also presented a formula for the mean duration, T s , from the birth of a premalignant clone (i.e., m = 1) to its eventual development into a malignant tumor, conditional on nonextinction (equivalent to assuming that β = 0): T s ≈ ln(α/μ 2 )/α (here, we applied β = 0 in Eq. 3 of ref. 27) . It can be shown that for β = 0 and m = 1, Eq. 7 yields the same expression: τ cloneðm ¼ 1Þ MVK = ln(α/μ 2 )/α (refer to Supplementary Material, Section 6 for the mathematical details). It is plausible that because of the approximations necessary to obtain this closed-form expression, the median time to the first M-cell is identical to the mean time T s . Values for T s between 55 and 64 years obtained with the multistage clonal expansion model for colon cancer have been reported (27) . These values are based on fitting three-and four-stage models to the SEER data. Their values for T s need to be compared with evaluations of Eq. 7 for m = 1 and β = 0. For colon cancer, we obtained values between τ cloneðm ¼ 1Þ MVK = 62 and 69 years (Table 1) . We suggest that the differences from the T s values in ref. (27) stem from the fact that these authors used different models and data compared with (32, 33) . Given these differences, it seems that their values are in excellent agreement with ours.
We remark that a hazard function of the AD-type has been shown to provide a poorer fit to age-specific incidence data of colorectal cancer and pancreatic cancer in the SEER registry than more complex models (27) . We nevertheless used the AD model here because it has been shown (21) that the stochastic WF process can be approximated by a linear multistage process (i.e., an AD-type model) in which stages correspond to clonal expansions. In addition, the formula for τ WF (Eq. 3), which was derived using an AD model, was evaluated using values from ref. (6) and not with values obtained with the multistage clonal expansion model of Meza and colleagues (27) .
The values for the median time to the first M-cell for the S-MVK model, τ (Table 1 ) and are consistent with extrapolations from epidemiologic studies. For example, Fig. 3 in ref. (33) provides the lifetime probability of colon cancer in the male population of Birmingham, Alabama represented in the SEER data. When this curve is extrapolated to higher ages (after fitting a suitable function to selected data points on that curve), it is found that after ∼120 years half of the population has died from cancer. This is consistent with τ N-cells S-MVK = 106 years from Table 1 .
Summarizing, it can be said that the analytic and numerical analyses of the waiting times derived from two different mathematical models of carcinogenesis support the claim that cancer onset is dominated by the clonal expansion of mutated cells, that is, by cell selection, and that mutation induction has a smaller influence. We expect this conclusion to hold also for other solid tumors.
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